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Abstract. Defects occur almost inevitably during service of steel plate structures. Industrial 
safety requirements for steel plate structures are increasingly stringent and the need for defect 
imaging is urgent. This work proposes a profile imaging method aimed at actual defects in 
steel plate based on e lectromagnetic ultrasonic SH guided wave scatteri ng. Firstly, a 
scattering model is proposed based on characteristics of wave scattering employing the 
rectangular coordinate system. Scattering points and scattering edges are defined and 
ca lculated after positions of scattering points are proved to be unique on the condition that the 
transmitting direction is known. Secondly, detailed procedures of the ac tual defect profile 
imaging method are provided, exploiting direction-controllable transm itters and omni -
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directional receivers. Thirdly, an experimental platform on a steel plate with an actual defect 
is setup. Electromagnetic acoustic transducers based on SH guided waves are applied to 
stimulate and receive SH waves. The proposed profi le imaging method and procedures are 
conducted on the experimental platform and a profile image of the actual defect is obtained. 
Then the error between calculated profile and actual profile is defined and displayed on the 
plane of the rectangular coordinate system. Results show that the profile image almost clings 
to actual profile of the defect and the average profile error is only 4.3%. The proposed guided 
wave scattering model and profi le imaging method are verified to be able to describe the 
profile of the actual defect with high-precision in steel plate. 
Keywords: Defects, Propagation and scattering, Ul trasonics, Electromagnetics 
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I. Introduction 
Steel plates are widely used in industrial applications, such as floors of oil and gas tanks 
[ 1-2]. Various kinds of defects occur almost inevitably during the long-term usage of tank 
floors [3]. It is necessary to implement a timely and effective detection on these defects to 
avoid potential oil-gas leakages or even explos ions [4] . However, some tank floors cannot be 
directly reached and some bear quite large areas, so traditional point-to-point detection 
methods proved to be infeasible or ineffective for these situations [5-6]. Electromagnetic 
ultrasonic guided wave testing (EUGW) owns advantages of long detection distance by 
single-ended excitation and 100% cross sectional detection [7-1 0]. T herefore, EUGW testing 
is fairly suitable for efficiently inspecting large-area and unreachable tank floors. 
As industria l safety requirements for steel plate structures are increasingly stringent, 
detection of defects only for position information is not enough [ 11-1 2]. The profile and size 
of defects need to be further studied [1 3-1 4]. ln recent years, ElJGW imaging technique has 
been developed to obtain more detailed information about defects [15-1 6]. Guided wave 
tomography imaging exploits an array of transducers to transmit and receive a group of 
guided wave rays and reconstructs the defect image using the projection data [ 17-19]. When 
guided wave encounters defects and strong scattering happens, the effect of scattering wi ll 
dominate and lead to much artifacts on the reconstructio n image of defects, w hich severely 
degrades the positioning accuracy and image quality of defects obtained by traditional guided 
wave imaging methods [20]. Therefore, recently, defects detection methods based on guided 
wave scattering signals are proposed to overcome the above challenges. Levine exploited 
block-sparse technique to reconstruct positions of defects based on a multidimensional linear 
scattering model of Lamb waves [2 1-22]. The minimum variance imaging method was 
applied in Hall ' s work to detect and localize a through-ho le and two thro ugh-thickness 
notches according to scattering assumptions in an aluminum plate [23]. Besides, the scattering 
3 
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mechanism and related theoretical models were studied by simulation computation and 
experiments [24-27]. However, most research about detection or imaging based on guided 
wave scattering are focused on artificial defects, such as the hand-cut notch, glued-on steel 
rods, etc. And only locations of defects can be specified, but neither profiles nor s izes of 
defects can be clearly imaged by scattering-based methods. Actual defects are born with 
complex and diverse profi les, sizes and scattering characteristics. Therefore, it is fairly 
necessary to investigate the scattering model and develop imaging method for actual defects. 
Profile and depth are both important characteristics for defects. In some situations, more 
attention is paid to profile; while in some other situations, more attention may be paid to 
depth. At any rate, the accurate reconstruction of profile for actual defects is critical for 
decision-making of steel plate maintenance and lifet ime prediction. Besides, only profile is 
measured and studied in a lot of research because profile can provide more inforn1ation about 
defects. In addition, profile is even more concerned especially for some shallow but large-area 
defects. Based on the above accepted facts, it is fairly significant to reconstruct the profile of 
actual defects in steel plate. Therefore, instead of depth, this work wi ll focus on the profile 
reconstruction for actual defects in steel plate by electromagnetic ultrasonic SH waves. 
In this work, a scattering model and a profi le imaging method for actual defects in steel 
plate employing e lectromagnetic ultrasonic SH waves are proposed. The theoretical analysis 
of the scattering model is performed. And the detailed procedures of the actual defect profile 
imaging method based on the scattering model are demonstrated. Besides, an experimental 
platform on a steel plate is setup to verify the feasibility and accuracy of the scattering model 
and the profile imaging method. 
2. Scattering Model for Profile lmaging of Actual Defects 
The scattering mode l to be investigated in this work takes electromagnetic ultrasonic SH 
guided waves as demonstration, but it is not confined to any particular guided wave mode, 
4 
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because different guided wave modes only affect the propagation velocity for the proposed 
scattering model. Fig. I illustrates the simplified geometric model of guided wave scattering, 
which is based on the rectangular coordinate system. T represents the position of the guided 
wave transmitter, P represents the position of the scattering point, and R represents the 
position of the guided wave receiver. So the vector TP stands for the guided wave that is 
stimulated from position T and propagates to the scattering point P. And the vector PR stands 
for the reflected guided wave from the scattering point P to the recei ver R. The straight- line 
distance between the transmitter and the receiver is IRTI. The vector PE represents the 
direction of the assumed scattering edge of the scattering point P. 
y 
R .--------7 T 
~--E 
:.: .. 7 P 
... ············/ 
0 X 
FIG. I . The s implified geometric model of guided wave scattering on the rect~ngul ar coordinate 
system. 
In the s implified geometric model, the positions of the transmitter and the receiver, i.e. T 
and R, are known quantities. The direction-controllable electromagnetic acoustic transducer 
(EMAT) is employed as the transm itter in thi s mode l, so the direct ion of the vector TP is also 
a known quantity, and the angle L RTP is known. The scattering point P is always on the 
straight line TP, so as long as the length of the vector TP is determined, the position of the 
scattering point P w ill be uniquely determined. Besides, the total propagation time of gu ided 
waves from position T, scattered by position P, and final ly to position R, can be measured as 
5 
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t,. The propagation velocity of guided waves is v, so the propagation distance can be 
determined as 
(l) 
In the triangle !:::,. TPR, according to the law of cosines, the length of the vector PR is 
calculated as 
lP RI= jrPr +jRrr- 2 *jrPI * IRr l * cos( L RTP). (2) 
So the total propagation distance f, as the function of jrPj , can be expressed as 
(3) 
In order to prove that one value of f corresponds to only one value of jr Pj , the derivative 
is calculated as 
df = 1 + r====='TP==j==-=='RT='=*=co=s=( L=R=T='P=)= == 
d jrP j jrPj
2 
+ jRr l
2 
- 2 * jrPj * jRrj *cos( L RTP) 
> 0 . (4) 
It can be proved that thi s derivative is always greater than 0, so the propagation distance is 
a monotonically increasing function of jrPj_ And if a certa in value of the propagation distance 
is given, jrPj can be uniquely determined. And the propagation distance is given by the total 
propagation time of guided waves. So the formula can be expressed as 
(5) 
In the formul a, only lrpl is the unknown quantity. By solving the above formula, the 
position of the scattering point P can be uniquely determined, as well as the propagation and 
6 
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dyl 
scattering paths of guided waves. The direction of the assumed scattering edge dx P can be 
calculated as 
dyl = tan[arctan( dyl ) - ( JT- }_ * L.TPR)]. 
dx p dx p:r 2 2 
(6) 
The calculated scattering point and scattering edge can describe the corresponding local 
profile of the actual defect. The actual defect profile imaging will be conducted by arranging 
the EMAT array around the defect. If enough number of scattering points and scattering edges 
are obtained, the profile image of the defect can be generated. 
3. Procedures of Profile I m aging Based on Scattering Model 
The EMAT array composed of direction-controllable transmitters and omni-directional 
receivers will be employed for the profile imaging of the actual defect. The procedures of 
profi le imaging based on scattering model are proposed as the following steps: 
I) The direction-controllable transmitters and omni-directional receivers are uniformly 
mounted around the defect area in a circular shape, and the number of them are respectively N 
and M. The numbers of omni-directional receivers between any two adjacent transmitters are 
the same, and the numbers satisfy the relationship M=K*N, where N, M and K are all positive 
integers. The transmitting angle range of transmitters is 81- 82, and the angle step is 95, so the 
total number of transmitting angles is L=(9r 91 )/95+ I. 
2) Select the nth direction-controllable EMA T as the transmitter T 11 for this time of 
detection, where n= l ,2, ... ,N. 
3) Select the transmitting angle 9, of the transmitter in Step 2, and guided waves are 
stimulated by this transmitter on the selected direction, where /=1,2, ... ,L. 
4) The guided wave detection signals are received by M I receivers and these receivers are 
represented as Rmt, where ml= I ,2, . .. ,M I. The time-of-flight t, that guided waves actually take 
7 
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from T, to R1111 is measured by the time-frequency energy density precipitation method [28]. 
The propagation velocity of guided waves is v. As the geometric model in Fig. I , the position 
of the transmitter is T and the position of the receiver is R. The theoretical time-of-flight t5 
that guided waves take directly from T to R in the straight line is 
ITRI 
t =-. 
' V 
(7) 
If t,>t5, the transmitter T" and the receiver Rml can form the scattering group (T,, R1111), and 
Step 5 is performed; otherwise, if t,~ts, the transmitter and the receiver cannot form the 
scattering group, then Step 7 is performed. 
5) For the scattering group (T,, R111 1), Eq. (5) is exploited to calculate the position P of the 
scattering point. 
6) Based on the calculated scattering point position P and the posi t ions of the scattering 
group (T,, Rm,), Eq. (6) is exploited to calculate the direction of the scattering edge. 
7) Judge whether al l the transmitting angles have been selected to stimulate guided waves, 
if they do, Step 8 is performed; if they do not, the transmitting angle 91+1 is taken into 
consideration and the procedure returns to Step 3. 
8) Judge whether all the transmitters have been selected to stimulate guided waves, if they 
do, Step 9 is performed; if they do not, the transmitter T, +1 is taken into consideration and the 
procedure re turns to Step 2. 
9) Totally S scattering points are obtained, where S is a positive integer. The position of 
the ith scattering point is P, (x, y,), where i= l ,2, ... ,S. All the scattering points are fitted into a 
curve D(x) based on their own scatte~ing edges 
D(x ) = arg (min ~]tp(x,) - yJ s.t. drpl = dyl ), 
i =l dx 1: dx I'; 
(8) 
where qi.,_x) is the fitting function . 
8 
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Fig. 2 illustrates the procedures of the profile imaging method of actual defects based on 
the scattering model. 
Scattering 
point 
position 
Scattering 
edge 
direction 
No No 
FIG. 2. Theoretical procedures of the actual defect profile imaging method based on the scattering 
model. 
The proposed profile imaging method exploits the scattering characteristic and collects 
information of the defect boundary, based on the simplified guided wave scattering model. 
This method is expected to be able to generate high-precision profile images for actual 
defects. 
4. Experiments and Results 
The experimental platform on a 4 mm thick steel plate is setup for the actual defect profile 
imaging. Fig. 3 illustrates the schematic diagram of the experimental platform. Four direction-
controllable transmitters [29] and "twenty omni-directional receivers are uniformly distributed 
in a circular shape on the steel plate. And there are five receivers between any two adjacent 
transmitters. The absolute value of the transm itting angle range is Oo ~80 ° , and the angle 
step is 8 o , so there are I 1 transmitting angles for each transmitter and totally 44 transm itting 
angles for the experiment. The profile and size of the defect in the steel plate come from an 
actual corrosion defect in a tank floor plate. The actual profile was measured by a transparent 
scale paper to obtain its coordinates. And the defect is created with a uniform depth of 1.5 
9 
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mm in the test steel plate. This work wi ll only focus on the reconstruction for the profile of 
the actual defect. 
rx-ET: 
"-' / / / 0 ,.."' 
/ / 
/ / 
T Steel plate 
--o, 
'& 
'Q 
Guided ', 
>Z> ,..,."' waves path Q 
I " / 
~ Actual defect 
I 
0 
I qp 
G( cp 
Q \~/ d 
""" ' angles / O/O . \J.. ' / mni-
'Gt.. ~ .. {/ 0" direct.ional 
'8- -~·-o- rece1ver 
Direction-control lable 
transmitter 
FIG. 3. The schematic diagram of the experimental platform for actual defect profile imaging. 
Shear horizontal (SH) guided waves are generated by the transmitter in the steel plate 
based on magnetostriction . Fig. 4 shows the group velocity dispersion curves of SH waves in 
a 4 mm thick steel plate. The working frequency is selected as 320 kHz, where only SHO 
mode wave exists. SHO mode wave is free of dispersion and the propagation velocity of SHO 
wave in the steel plate is 3200 m/s. 
3500 ~-~~--~----...-
3000 SHO 
i 2500 
~2000 r ! 1500 r 
500 
SH I 
SH2 
~ llioo [' 
0 ----~---L~----~----~-----~ 
0 2 6 8 10 
Frequency ( Hz) x 1 o5 
FIG. 4. The group velocity dispersion curves of SH waves in a 4 mm thick steel plate. 
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The transmitter is excited by the power amplifier, whose excitation parameters such as the 
excitation frequency, excitation voltage, the number of excitation cycles are con figured by the 
control computer. SH guided waves are generated in the steel plate and propagate on the 
preset direction. The receiver receives the guided waves and converts the wave signals into 
electrical signals. Then the detection signals are sent to the signal conditioner to be filtered 
and amplified. The processed s ignals are collected by the data acquisition card to form the 
detection data. And the detection data is sent to the control computer to be analyzed. 
The four transmitters are respectively excited by the power amplifier on preset directions 
and all the receivers are responsible for receiving guided waves for each time of stimul ation, 
according to the proposed procedures of the profile imaging method. For each time of 
stimulation, the excitation voltage is 80 V, the excitation frequency is 320 kHz and the 
number of cycles is I 0. The center frequency of the filter in the signal conditioner is also 320 
kHz. All the experimental configuration and parameters for each time of detection are the 
same to avoid the unconform ity due to experimental factors. 
Based on the procedures of the profile imaging method and the judgement rule for 
scattering groups, totally 31 scattering points are obtained. The positions of the scattering 
points and directions of scattering edges are calculated. The scattering points are connected by 
the fitting curve in the rectangular coordinate system, based on the directions of the scattering 
edges to form the calculated profile. Fig. 5 illustrates the actual defect profil e and the 
calculated profi le in the rectangular coordinate system. 
11 
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90 
- Actual profile ·I 
Calculated profile 
-7-~ 80 70 
60 
30 
20 
10 
0 
0 
t; ~ , I 
j r i \ J ~ .-· ~ ·=·.,::-
20 40 60 
x tmm) 
I 
80 
FTG. 5. The profile imaging result of the actual defect. 
The calculated profile in Fig. 5 is quite similar with the actual defect profile, and the 
majority of scattering points are in the near areas of the actual profile. Some scattering points 
on the top-left of the calculated profile deviate from the actual one for a relatively larger 
d istance. 
5. Discussion 
In order to evaluate the accuracy of the profile imaging result and analyze the relative 
influencing factors, the error between the calculated profile and the actual profile should be 
defined. The coordinate of the points on the calculated profile are represented as Cj(xCJ, YCJ), 
and the adjacent points on the actual defect profile are represented as Aj(x.1, y~), where 
j= I ,2, ... ,SI. S I is a positi ve integer and stands for the total number of points on the calculated 
profile. The error e1 for each point group is defined as 
(9) 
12 
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where o (x) is the unit impulse-like function and satisfies 
o(x) = ' { 
I, x = 0 or x < s 
0, x -:;; 0 or x ~ s 
(I 0) 
where e is a user-selected parameter and it is a small positive number. 
Based on the definition of the point error, the error between the calculated profile and the 
actual profile at each point is calculated. In order to clearly describe the error distribution, the 
error values are plotted on the dimension of the rectangular coordinate system, based on the 
coordinates of the actual defect profile, as shown in Fig. 6. 
0 9 
70 
0.8 
0.7 
106 
0.5 
0.4 
0.3 
0.2 
20 
0.1 
20 30 40 50 60 
X (111111) 
FIG. 6. The normalized error distribution between the calculated profile and the actual defect profile. 
The normalized s ignal intens ity near the actual defect profile in Fig. 6 represents the error 
between the calculated profile and the actual profile. Errors in the top-left area are obviously 
larger than those in other areas. The top-left area of the actual defect profi le contains several 
inwardly recessed boundari es, which guided waves can hardly reach. So errors in these 
recessed boundaries are relatively large. Similar s ituations are fit for the bottom area of the 
actual defect profile, with several irregularly fluctuating boundaries. The nonnalized error 
13 
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distribution and analyzed reasons agree well with the result in Fig. 5, where the calculated 
profi le deviates from the actual defect profi le in a similar way. 
In order to have an overall evaluation on the accuracy of the proposed profile imaging 
method, the average profile error E. is defined based on the error for each point group: 
I SI 
E =-:Le 
u SI J=l ; 
(11) 
The average profile error is calculated to be 4.3%, wh ich indicates that the proposed 
profi le imaging method can achieve fairly high-precision profile images for actual defects. 
However, the value of the average profile error is deteriorated by the relatively larger errors in 
the top-left area due to inwardly recessed boundaries, where the error reaches approximately 
12% at some severely fluctuating points. The average profile error apart from these special 
areas is only 1.1 %, which indicates high accuracy for the profile reconstruction for actual 
defects. 
The proposed guided wave scattering model is proved to be able to accurately calculate 
the positi on of scattering point and the direction of scattering edge, which can essentially 
describe the local profile of the actual defect. The profile imaging method based on the 
scattering model exploits the EMA T array to collect enough information of the actual defect 
boundary to obtain the high-precision profile image. 
6. Conclusions 
This work proposes a profile imaging method aimed at actual defects in steel plate based 
on electromagnetic ultrasonic SH guided wave scattering. The scattering model is established 
on the rectangular coordinate system. The scattering point and the scattering edge are defined 
and calculated to materialize the scattering model. And the position of the scattering point is 
proved to be uniquely determined on the condition that the transmitting direction is known. 
Then the procedures of the profile imaging method exploiting the EMA T array are provided. 
14 
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The experimental platform on a steel plate with an actual defect is setup. Direction-
controllable transmitters and omni-directional receivers based on SH guided waves are 
applied to stimulate and receive SH waves containing defect information. The proposed 
profile imaging method and procedures are performed on this experimental system and the 
profile image of the actual defect is obtained. Besides, the error between the calculated profile 
and the actual profile is defined and illustrated on the dimension of the rectangular coordinate 
system. Results show that the calculated profile is quite close to the actual one and the 
average profile error is only 4 .3%. Therefore, the proposed guided wave scattering model and 
the profile imaging method are the major contribution of the work, and they are proved to be 
able to accurately describe the profile of the actual defect in steel plate. 
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